A top condensate model with a Higgs doublet and a Higgs triplet 
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We reconsider top condensate models from the perspective that not only two quark composite 
states can form but also four quark ones. We obtain a model which contains a Higgs doublet and 
a Higgs triplet, where one of the neutral components of the Higgs triplet identifies with the Higgs 
boson found at the LHC. We discuss some of the phenomenological consequences. 
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^ . I. INTRODUCTION 

^: 

■^U( ' There are two mechanisms for spontaneous symmetry breaking of a gauge theory: the first one is through elementary 

\^ i scalars which develop vacuum expectation values; the second is through the formation of fermion condensates with the 
fS| ■ right quantum numbers, the dynamical symmetry breaking. The simplest example of dynamical symmetry breaking is 
furnished by the standard model itself. We know that in the absence of quark masses and in the QCD presence the u, d, 
s (or only u, and d) are endowed with the chiral symmetry SU{3)l x SU{3)ii. The formation of vacuum condensates 
Q^l due to the strong group leads to the breaking of this group down to its vector part SU{3)v- The corresponding 
I , Goldstone bosons, the pious couple with the correct quantum number to the gauge boson W^ and Z thus providing 
^H' them with the longitudinal degrees of freedom corresponding to massive particles. We know however that the scale of 
the condensates is 3000 times smaller that the electroweak scale and that pions although light are massive and present 
in experiments so they cannot play an actual role. The simplest extension of this mechanism which might work for 
electroweak symmetry breaking would be to consider two quark composite states in the top, bottom sector. The top 
quark condensate models have been discussed extensively in the literature [l|-[lj] with or without the addition of new 
fermions or gauge symmetries. The minimal top condensate theory where a regular Higgs is identified with top quark 
i^' , composite state leads to a too larger dynamical mass for the top quark without fine-tuning. This value is determined 
,_^ from the masses of the W and Z bosons in leading order ■^. The dynamical theory might get improved through 

t^^ i introduction of an additional technicolor sector . In general there are various constraints to the particle spectrum 
^b ' and interaction coming from the electroweak precision data and also from the latest results from the LHC. 
f^ , In this work we want to reconsider the basic ideas of the top condensate models from the point of view largely 

C^ ' employed in the light quark sector, that not only two quark but also four quark composite states can form. This would 
lead to additional Higgs multiplets which might cure the problems existent in the early versions of these models. We 
will not attempt to present a complete model together with it phenomenological analysis but rather to sketch a new 
theory and study some of its possible consequences. 
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II. SHORT REVIEW OF THE QCD ANALOGUE 

The spectroscopy of low lying pseudoscalar and scalar mesons suggest that these states may be an admixture of 
two quark and four quark structures [l5| . The masses and mixings of these fields can be described by a generalized 
linear sigma model with two chiral nonets, one with a two quark composition, the other one with a four quark one. 

The schematic realization of these states must display the chiral SU{3)l x SU{3)u symmetry. The two quark bound 
state is written as: 

A4^ = {q,^yj,l±Jlq,^. (1) 
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We use a representation with the following form for the 7 matrices and the charge conjugation matrix: 
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With respect to the group SU{2>)l x S'C/(3)fl x SU{2>)c the matrix M is in the (3,3, 1) representation. 
There are three possibilities for the four quark structures. The first one is that the four quark states are molecules 
made out of two quark-antiquark fields: 



Af(2)^ = eacde'^f {M^UM^ff 



(3) 



Another possibility is that the four quark structures may be bound states of a diquark and anti-diquark. Here there 
are two choices. In the first case the diquark is in 3 of flavor, 3 of color and has spin zero: 
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The matrix M has the structure: 



In the second case the diquark is in 3 of flavor, 6 of color and has spin 1: 
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Here af^,^ = 2i[7/Ji7i^]- The matrix M has the form: 

M^g'^' - iLU.AB)'Ri^.AB (7) 

It can be shown using Fierz transformations that the three four quark structures are actually linearly dependent. 



III. ALTERNATIVE SCENARIOS 



Topcolor theories are based on extra strong gauge groups which act differently on the third generation. We will 
consider unitary groups U(N) or SU(N) with A^ < 3. These groups can be right handed, left handed or even vector 
groups. Our purpose here is to realize dynamical symmetry breaking with the minimal content of fermions but with 
additional gauge groups. For that, inspired by the low energy QCD we will consider here the possibility that not only 
two quark but also four quark composite particles or condensates can form. We will start with the standard topcolor 
set-up which has an extended SU{3)i x 5'C/ (3)2 group acting on the top, bottom pair. Eventually this group should 
be broken down to SU{3)c to agree with the standard model. This process limits the possible representation of the 
left handed and righthanded quarks. 

We will consider here four scenarios which can lead to the correct color structure: 

Scenario I: 



Scenario II: 



{tL,bL) are in (3,1) of SU{3)i x SU{3)2 
[tR.hR) are in (1,3) of SU{i)i x S't/(3)2. 



(iL,&fl) are in (3,1) of S'[/(3)i x S'[/(3)2 
{tR.hL) are in (1,3) of SU{i)i x SU{2,)2. 



(8) 
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Scenario III: 

{tL,tR,bL) are in (3,1) of 5C/(3)i x SU{3)2 

bR isin (1,5) oi SU{i)iX SU{3)2. (10) 

Scenario IV: 

itL,tR,bL,bR) arc in (3,1) of 5C/(3)i x SU{3)2. (11) 

We will discuss all scenarios from the point of view of possible composite states and condensates. 

Scenario I 

In this case one needs to form composite particles and condensates out of two left handed or righthanded fields. 
The two quark states should have a structure of the type: t^C~^tL (or t^C^^b^jwhich transform as 3* of the S'[/(3)i 
group so they are not singlets. 

For the four quark states we will consider only the left handed states as the same reasoning can be applied to the 
right handed ones. Then the only possibility is: 

{tlc-hL)hlc-hL y = Q = 

{tlC-HL)hlC-^bL Y^Q Q = -l (12) 

Scenario II 

One can form out two two quark composite states: 

b\tL Y = 1 Q = 1 

t\bL Y = -l Q = -l (13) 

These states cannot lead to two quark condensates and it is not possible to construct a two quark electrically neutral 
state. The four quark states are: 

iblC-^bR)hlC-H.L Y = 2Q = 2 

{tlc-hR)hlc-HL r = -2 Q = (14) 

and again have the wrong quantum numbers to break the electroweak symmetry. 

Scenario III 

In this case the correct composite states can form: 

4^L r = -1 Q = 

t^^bLY = -lQ = -l (15) 

These composite states form with the strength of the stronger gauge group SU{i)i (with gauge coupling hi). This 
has also the advantage that the quark composite state b\^bi^ can form only after the breaking of the topcolor group 
5C/(3)i X 5C/(3)2 down to 5C/(3)c with the strength of the color group. This can justify the large difference between 
the mass of the top quark and that of the bottom. There are various four quark states that might appear: 

{QIc-^Qr)^QIc~'Ql (16) 

where the right handed states are the top quark and left handed states are either the bottom or the top quark. 
Some of the previous states which connect only left handed or right handed particles are also possible. 

Scenario IV 

In this case S't/(3)i is a vector group acting similarly to QCD. The fermions do not couple with SU{'i)2 which 
plays role of spectator. We need other particles to interact with 5f7(3)i x 5'C/(3)2 such that to break it down to 
SU{?>)c- The two quark and four quark cornposite states that can form are identical to those of regular QCD. A 
detailed description of these can be found in [I3I . 

One can conclude that it is impossible to find four quark Higgs like structures for a particular scenario if two quark 
Higgs like composite states do not exist. Thus as in standard top color theories [2] a doublet of the type described in 
Eq. (|16|) or its four quark counterpart should spontaneously break the electroweak theory. 

We will analyze in more detail Scenario III and IV since these are the only ones that actually might work. In order 
to satisfy the gauge anomalies one might consider Scenario III in the context proposed in [2| . In order to prevent the 



formation of a large dynamical mass Scenario IV should be considered associated with an extra U(l) gauge symmetry 
as in [iJl . Finally both scenarios should lead to the formation of the same composite states presented below. 
The role of the Higgs doublet is played by the composite state: 
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There is triplet of four quark composite states with the hypercharge Y — 2: 

X++ = nbitRbitR 
X+ = nh\tRt\tR 
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Here n is a normalization factor which furnishes the correct vacuum structure. 
There is also a Higgs triplet with hypercharge Y ~Q. 

e=n{t\tL){t\tL)^ 

r = n(4fei)(4ti)t. 
The full Higgs triplet then takes the standard form flq : 
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Thus the model contains a Higgs doublet and Higgs triplet. The fields in the model develop the vev's: 
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Note that in this case the vacuum structure of the Higgs triplet is naturally, 
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as only one four quark vacuum condensate forms. Such a triplet can be used to generate non zero Majorana neutrino 



masses 



m, Pi 



The following relations hold: 
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(23) 



After spontaneous symmetry breakdown the model contains the charged states (according to the classification under 
the SU(2) custodial symmetry [IS]): 
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(24) 



and the neutral states: 

^ V2(a2 + 862)1/2 

Hi = — =($o + $o*) 

H[^l={x"+x'*+n (25) 

IV. THE DYNAMICAL SECTOR 

Let us assume that below some scale one can integrate out massive gauge bosons, which might be the colorons or 
not to obtain four fermion interaction described by the term [l|: 

C = G{¥^tRA)it'^'i>L^B) (26) 

Here i refers to SU{2)l indices whereas A, B are color indices. 

If there is a strong sector which leads to the formation of top quark condensates one might consider the solution to 
the gap equation for the top quark mass: 

mt = -^G{it) = 

^2GN,m,-^ fd*p^^. (27) 

(27r)4 J p^ -mf 

By analogy with QCD it is possible that also four quark composite states form. These can contribute to the 
dynamical mass of the top quark. Then the solution to the gap equation becomes (see Fig. 0): 
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Fig.O. Contributions to the top mass 
We denote, 

2GN,-^ f d^p ^^ , = X (29) 

(27r4) J p^-mf 

where x is a solution of the equation: 

l = x + x^ (30) 

so it can have the values ^^2 '^^ ~^2^ - 



Solving Eq. ^ leads to : 

G = -[^[A^--?ln^r^ (31) 

In the absence of the four quark condensate the sum of four ferinions bubbles in the scalar channel leads to a scalar 
pole at p^ = Ami i'^ accordance to the standard results of the Nambu-Jona Lasinio model. We will make a short 
analysis of the case where two fermion or four fermions scalars might exist. We neglect the six fermions interaction 
since for scales higher than mt they do not intervene anyway. Then the sum of the bubbles in the scalar channnel is 
given by [l|: 



r.(p^) = -f[l-2GiV.^/d^P 
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To find the new pole one needs the solutions of the equation: 

N^G{Aml-p')-^^ fdzH ^\-'^l-'^f^ ]=x\ (33) 

It turns out that for A^ nit the pole at p^ = Anil does not get removed as it is expected. This pole correspond to 
a two quark composite state. In order to see the four quark composite state one should consider a A of order TOj case 
in which the new position of the pole is at 125 — 126 GeV. Despite the fact that the actual masses will get modified at 
a more thorough analysis [l| the point of view we shall adopt in the rest of this work is that the two quark composite 
state corresponds to a heavier Higgs boson part of a Higgs doublet and the Higgs like particle discovered at the LHC 
corresponds to the four quark composite state which is part of a Higgs triplet. 

V. RELATION BETWEEN THE DYNAMICAL SECTOR AND A HIGGS MODEL 

The presence of the four fermion composite states with the quantum number of a Higgs triplet indicates that the 
dynamical model is well described by a standard model with a Higgs doublet and a Higgs triplet. Models which 
contain a Higgs doublet and a Higgs triplet have been discussed in the literature [1^1- [20] both in connection to the 
LHC data and a possible Majorana mass term for the neutrinos. Most often the neutral component of the Higgs 
doublet or a combination of the neutral component of the Higgs doublet and the Higgs triplet have been identified 
with the Higgs boson found at the LHC. Our present work requires that a neutral component of the Higgs triplet 
identifies with the Higgs boson with a mass of 125 — 126 GeV. We will discuss some of the implications of our scheme 
in connection with the vacuum expectations values and of the top couplings. For simplicity we will assume that there 
is no mixing between the Higgs doublet and the Higgs triplet. 

As the Higgs triplet cannot couple at tree level with the quark fields it seems that we should not have significant 
contributions to the top quark mass (or the bottom one) from the four quark composite fields. However the dynamical 
mechanism suggests otherwise. 

The gap equation suggest that the mass of the top quark is given by, 

mt = rritx + mtx (34) 

where the first term corresponds to the two quark condensate contribution and the second to the four quark one. 
We know that the dynamical model states that 

mti = xmt = gti{Hi) (35) 

which suggests that we could also describe the second term by, 

mt2 = x^mt = gt2{H[), (36) 



where gt2 is an effective coupling for the Higgs singlet H[ . It is also known [l[ that the four fermion interaction can 
be obtained by integrating out the two quark composite field through the interaction, 



such that the relation, 



L = Lfc,„ + gti^LtRHi + h.c. (37) 

— 2 = contribution to the four fermion interaction (38) 
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holds. 

However the Higgs triplet does not couple at tree level with the quarks but may couple through the interaction: 

L = Lku^ + gn^LtRH + -^^LtRtB,^LH'. (39) 

Here the third term contains generic contributions from the Higgs triplet corresponding to various hypercharges. 
The term of interest for us is that component of the Higgs triplet which upon spontaneous symmetry breaking develops 
a vev, that is H[. Assuming that the third term in Eq. (|39|) correspond to H[ we can deduce the effective coupling 
with the quark pair as being, 

^^=5*2. (40) 

Here Bi is the bubble corresponding to the two quark vacuum condensate: 

Bi = -imAN, f d^P ,^ 2 - (41) 

J p^ -mi 

Then the effective Higgs coupling for the triplet has exactly the same form as for the doublet and by integrating 
our H[ one obtains, 

^ + ^ = G. (42) 

7712 777^ 

The following relations hold: 

a^ + 86^ = v^ (43) 

VI. NUMERICAL ESTIMATES 

From Eqs. ((35)) . ((36)) . (|42|) . (|43| and by taking as inputs the top quark mass and the H[ as the LHC boson with 
a mass 7772 = 125.9 GeV one can obtain useful information about the vacuum structure, the Yukawa couplings, the 
mass of the neutral Higgs Hi and the diphoton decay rate of H[ . 

Before proceeding we should mention that one of the strongest arguments against two quark top condensate theories 
is that for low A predict a too high mass for the top quark. More exactly this constraint comes from a Pagels-Stokar 
formula which connects the composite Nambu-Goldstone bosons to the top dynamical mass [ij 

y "^ le^^'io (i-^)HAV[(i-^K]], (44) 

where v ~ 246 GeV for two quark composite models. 

However in the case where also four quark composite states exist this relation is no longer true. Moreover assume 
wc neglect in the r.h.s of Eq. (j44p the four quark composite states then a similar relation should hold but with the 
l.h.s replaced by the vacuum expectation value of the Higgs doublet a. One can compute this approximate value, 

a^^^ml[l + 2HK'lmi]] (45) 
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FIG. 1: Plot of the vacuum expectation values a (thick line) obtained for mi = 347 GeV and a' (dashed line) as a function of 
the cut-off scale A. 
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FIG. 2: Plot of the parameters a (thick line) and b (dashed line) as a function of A for mi = 347 GeV. 



and compare it to that obtained from Eqs. ([35|) . (p6)) . (j42|) . (|43| . This is illustrated in Fig. [T] We will not consider 
this as an accurate estimate for a but rather as an argument that for low enough a , a < 80 GeV one can obtain the 
correct mass for the top quark for reasonable values of A. 

In Fig. [2] we plot the vacuum expectation values of the Higgs doublet, and of the Higgs triplet as computed from 
Eqs. (|55|) . ([55]) . (H^ . P5)) and for a mass of the neutral scalar Hi, mi ~ 347 GeV. Fig. [3] contains the effective 
couplings with the top quark pair of the Higgs bosons Hi ((7ti)and _ff( (5t2)- 

We plot in Fig. U a gross estimate of the diphoton decay rate of the 126 GeV Higgs boson, H[. Here we took 
into account only the charged W and top loops and neglected completely the contribution of the other charged Higgs 
bosons, although the latter could be significant. A calculation of the other Higgs bosons contribution would require 
an estimate of the masses of the these Higgs bosons in the actual model which is beyond the scope of the present 
work. 

We expect that a more thorough and more detailed calculation would modify the mass of the Higgs boson Hi such 
that we extend our analysis to six possible masses of this particle situated in the range 126 — 500 GeV. We plot in 
Figs. [5] and [5] the vacuum expectation values of the Higgs doublet and triplet respectively for various masses of the 
Higgs boson Hi. 

Figs. [7] and [8] contain the effective top couplings for Hi and H'l respectively as function of the cut-off scale A. For 
different masses of the Higgs boson Hi we also plot the diphoton decay rate of the Higgs triplet component H[m Fig. 

ISl 

One can conclude that large masses of the Higgs boson Hi lead to a larger range for the allowed values of A. For all 
masses considered the highest values of A are in better agreement with the experimental value for the diphoton decay 
rate of the Higgs boson and also from the point of view of the preferred vacuum structure. In general the diphoton 
decay rate decreases with mi such that the lowest value is favored from this point of view. 




FIG. 3: Plot of the parameters gti (thick hne) and gt2 (dashed hne) as a function of A for mi = 347 GeV. 
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FIG. 4: Plot of the diphoton decay rate of the Higgs boson H[ as a function of the cut-off scale A. 



VII. CONCLUSIONS 



The most straightforward mechanism of dynamical electroweak symmetry breaking is through the formation of top 
condensates. We reevaluate the basic dynamical mechanism from the perspective that, as in the case of low-lying 
scalar mesons, not only two quark but also four quark composite states might exist. Thus we arrive at an effective 
composite Higgs model which contains a Higgs doublet (two quark states)and a Higgs triplet (four quark states). The 
underlying dynamics of the composite states suggests that the Higgs boson found at the LHC should be identified 
to H[, the singlet component of the Higgs triplet. We showed that this theory can lead to a correct mass of the top 
quark for a reasonable value of the cut-off A. 

We study some of the phenomenological consequences to find that the neutral component of the Higgs doublet Hi 
can have a large range of masses and that the diphoton decay rate of the Higgs boson H[ is naturally higher than the 
standard model predictions. The results could be improved in a full phenomenological analysis. 

The purpose of this work was to sketch a new theory which might get improved by adding an extra technicolor 
sector etc. We delegate the problem of the other quark masses and couplings and of the possibility of flavor changing 
neutral currents in this context to further work. 
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FIG. 5: Plot of the parameter a as a function of the cut-off scale A for six values of the mass mi (GeV): mi — 126 (thin line), 
nil = 200 (orange line), ttii — 250 (dotted line), mi = 347 (dashed line), mi = 400 (dotdashed line), mi — 500 (thick line). 
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FIG. 6: Plot of the parameter b as a function of the cut-off scale A for six values of the mass mi (GeV): m,i = 126 (thin line), 
m.1 — 200 (orange line), mi — 250 (dotted line), mi = 347 (dashed line), mi = 400 (dotdashed line), mi = 500 (thick line). 
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FIG. 7: Plot of the parameter gti as a function of the cut-off scale A for six values of the mass mi (GeV): rrii = 126 (thin line), 
mi — 200 (orange line), mi = 250 (dotted line), mi — 347 (dashed line), mi — 400 (dotdashed line), mi = 500 (thick line). 
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FIG. 8: Plot of the parameter gt2 as a function of the cut-off scale A for six values of the mass mi (GeV): jtii = 126 (thin line), 
m.1 — 200 (orange line), mi = 250 (dotted line), mi = 347 (dashed line), mi = 400 (dotdashed line), mi = 500 (thick line). 
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FIG. 9: Plot of the diphoton decay rate of the Higgs boson H[ as a function of the cut-off scale A for six values of the mass m,i 
(GeV): mi — 126 (thin line), ttii — 200 (orange line), m.i = 250 (dotted line), mi = 347 (dashed line), m.i = 400 (dotdashed 
line), m.1 — 500 (thick line). 
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